Trapped ion technology has seen advances in performance, robustness, and versatility over the last decade. With increasing numbers of trapped ion groups world-wide, a myriad of trap architectures are currently in use. Applications of trapped ions include: quantum simulation, computing and networking, time standards and fundamental studies in quantum dynamics. Design of such traps is driven by these various research aims, but some universally desirable properties have lead to the development of ion trap foundries. The excellent control achievable with trapped ions and the ability to do photonic-readout, has allowed progress on quantum networking using entanglement between remotely situated ion-based nodes. Here we present a selection of trap architectures currently in use by the community and present their most salient characteristics, identifying features particularly suited for quantum networking. We also discuss our own in-house research efforts aimed at longdistance trapped ion-networking.
I. INTRODUCTION
Since their development by Wolfgang Paul [1] and Hans Dehmelt [2] in the 1950s and 1960s, ion traps have been an integral part of a wide range of experiments including frequency standards [3] [4] [5] [6] [7] [8] , mass spectrometry [9] , cavity QED [10] [11] [12] [13] and fundamental physics [14] as well as quantum simulation [15] [16] [17] [18] [19] [20] , quantum information processing [21] [22] [23] [24] [25] [26] and quantum networking [27] . This wide range of applications is, in part, due to the ion trap's ability to provide good isolation of the trapped atom from the environment while allowing the user to manipulate the internal state of the atom via both laser [24, [28] [29] [30] [31] [32] and microwave fields [33, 34] . This isolation can not be achieved with the use of static fields alone and Paul traps [1] use a combination of radio frequency (rf) fields and static electric fields to confine ions. Another approach for confinement is to use Penning traps which use a combination of static electric fields and magnetic fields [35] .
This article will focus on a selection of the most commonly used rf ion traps or those with unique properties which are currently in use. Photons entangled with quantum memories are excellent carriers of quantum information and may be used for entanglement generation. Protocols for high probability excitation [36] and entanglement-based networking robust to some loss, like a quantum repeater architecture [37] , offers one path to quantum networking. Ion trap technology is advancing rapidly and the focus of improvement varies from group to group. Since our focus is on quantum networking we compare and assess various ion traps in terms of their optical access, size and scalability.
II. NETWORKS BASED ON TRAPPED IONS AND FLYING QUBITS
Significant inroads in information processing have been made in engineering qubits from individual ions (with fidelities >99.99%) and controlling two-ion interactions to form quantum gates (with fidelities ≈99.9%) [38, 39] , however, increasing the number of ions trapped has proven challenging. The promise of quantum computing/information has driven efforts aimed at scaling up the system: trapping very large linear chains, schemes of ion shuttling around zones [40] [41] [42] or networking ions using photons [43] [44] . Here, the focus on the later approach, whereby a photon entangled with an ion is extracted and sent through free-space or optical fiber to a remote site. Coincidence detection of photons from two separate nodes can then create entanglement between the distant qubits [37] . Fig. 1 shows individual quantum nodes, containing N-qubits, linked via quantum channels [45] . Each quantum node contains one or more quantum memories that can emit photons entangled with the memory. Unlike classical networks where amplification may be employed to extend the range between nodes, quantum information cannot be noiselessly amplified [46] , so instead we use coincident detection of flying qubits between neighbors to propagate information. A quantum repeater scheme [37] uses nested entanglement protocols to generate entanglement between remotely situated nodes with polynomial overhead time. In this scheme, photons are particularly convenient to transmit information and serve as flying qubits in a network to achieve low-loss and long-range transmission.
FIG. 1:
Representation of quantum network with elementary building blocks, or nodes, connected via photonic links from [45] .
A. Photon collection probability
Remote entanglement and quantum networking protocols require the production, collection and detection of single photons from trapped ions [36, 47] . The efficiency with which these photons can be collected has a large impact on the rate at which any entanglement or networking events can be carried out. The probability of detecting a photon entangled with an ion's internal state is given by [48] .
where P dec is the probability of the ion undergoing the desired decay from an excited state to the qubit state, Q E is the quantum efficiency of the photon detector, T f is the coupling efficiency into a single-mode fiber, T L is the transmission loss through the fiber, T o is the optical transmission through any other optics in the photon's path and Ω 4π is the fraction of the solid-angle subtended by the photon collection optics. Equation 1 gives the probability of detecting one photon emitted from one ion. To distribute entanglement amongst n nodes this probability scales to the power of n making it important to maximize this photon detection probability at a site. There is another scheme, which relies on low-probability ion excitation [47] , and in this case entanglement scales linearly in P , however with the stringent requirement of optical path length stability. Here, we propose to use the entanglement scheme described in [36] as it is possible to achieve an ion-photon entanglement success probability approaching unity (P dec → 1), with the path length only requiring to be stable within the decay time of the ion (typically ∼10 ns).
Optimizing the photon collection is important for networking nodes with flying qubits as this directly translates into improved entanglement probabilities. One method for maximizing the detection probability is to utilize trap architectures which allow for the incorporation of high numerical aperture (NA) lenses to collect as many of the emitted photons as possible. Recent work with a custom-designed multi-element high NA lens has significantly improved entanglement rates by an order of magnitude [48] . However, there is a limit to how much light can be collected in this manner as an ion trap will always have electrodes, at least partially surrounding the ion shadowing it from any collection optics.
We are interested in maximizing the collection angle with the use of novel asymmetric trap structures which also lend themselves to miniaturization allowing collection optics to be placed nearer the ion. A selection of traps of this type which will be discussed in section V A. However, even in this improved geometry, there can be undesirable effects of higher NAs such as polarization mixing, which can negatively effect the fidelity of ion-photon entanglement [49, 50] . In practice, it can be convenient to have a combination of lenses including a lower NA lens tailored for iontrapping/imaging and a higher NA lens tailored for photon collection. High NA lenses, although desirable for photon collection, offer a smaller depth of focus and are more difficult to align compared with lower NA lenses. Optical access is important when assessing traps for their use as a node of a quantum network and, as different trap geometries are presented, we will comment on their ability to allow for use of both an imaging (lower NA) and photon collection (higher NA) optic. Improvements to photon-extraction rates or other performance metrics, requires understanding trap architectures and identifying topologies which offer the best performance for the desired protocol.
Although one could make increasingly higher NA lenses, their size would make impractical integration into a setup, especially considering the community's efforts at trap miniaturization. Alternatively, the optics/lens can be brought closer to the ion or placed inside the vacuum chamber. As trap architectures are miniaturized, the ions may come in close proximity to such surfaces and can succumb to anomalous surface or material potentials. Typical microfabricated ion traps have ion-surface distances in the sub 100 µm range [51] (see Table V B) . As the ion height above the surface, r, is reduced, the anomalous heating rate has been shown to increase roughly with an r −4 scaling [52, 53] . The scaling study [53] was done in a needle-type trap (discussed in Section IV C) which offers a particularly convenient electrode configuration for separating the RF electrodes for observing heating effects. The anomalous heating is thought to be attributable to electric field fluctuations and causes motional heating of trapped ions which can lead to decoherence. Careful processing, even in-situ plasma cleaning, has reduced its effects and provided evidence that the noise is not attributable to thermal Johnson noise [54] .
The dominant, even contributing, mechanisms behind it remain unclear, although parameters that are thought to be relevant include: ion-electrode distance, material composition, frequency dependence, electrode temperature and unwanted deposition of material on electrodes [55, 56] .
B. Photon detection requirements in ion-photon quantum networks
One long-standing limit to increasing detection probabilities has been the quantum detection efficiency (QE). Most experiments use either avalanche photodetectors (APDs) or photomultiplier tubes (PMTs) for detection. Generally speaking, APDs have higher QEs than PMTs, although they also have higher dark counts. However, there are now APDs with dark counts in the range of 10 Hz for certain wavelengths (see Table I ). Such low dark count rates are needed as, in the case of trapped ions, coincidence photon detection rates in two-node networks are in the range of 0.16 s −1 [57] and more recently 2.1 s −1 [48] , so given these levels of photon detection, an ideal detector would have a high QE coupled with low dark counts. It should be noted that the detector can be gated and so that only the dark count number in this gate period is required to be much less than one. Although there are outstanding detectors available, these detectors do not perform well at wavelengths emitted by trapped ions and Table I Remarkable progress has been made in superconducting single photon detectors (SNSPDs) [59] . These devices operate at cryogenic temperatures, and unlike transition edge sensors [60] , SNSPDs have excellent recovery times (approximately 100 ns or better and with no after-pulsing, as seen in APDs), high quantum efficiencies (> 90% for telecom photons) [61] , and are now commercially available in closed-system cryostats. Although SNSPDs were originally designed for telecom photon detection, where traditional detectors have notoriously low QEs and high dark counts, they can, in principle, perform very well at trapped ion wavelengths.
The fast recovery times without after-pulsing makes them leading contenders for detection devices in quantum systems with a high photon production rate [62] . This time scale may be much shorter than needed given the rate of emission of photons from trapped ions, however, the exceptionally low dark counts of SNSPDs is particularly suited for photon detection from ions. The uv wavelengths emitted by many trapped ions are, in the case of SNSPDs, actually advantageous as these photons are more energetic and better suited for being measured by the SNSPD as they strongly change the local current density in the superconducting material. SNSPDs can, in principle, be engineered to have high QEs and have essentially zero dark counts (< 10 Hz) [63] . In fact, at such wavelengths, the dark counts from blackbody radiation, the primary noise contributor, is extremely low [64] . Our modeling of the tungsten-silicide SNSPDs show we can optimize them for different wavelengths and potentially achieve very good quantum efficiencies (see Fig. 2 [65] ). In this model, we calculated the absorption in the tungsten silicide layer using Fresnel equations and an effective index for the thin film containing the patterned nanowire. We plan to test the quantum efficiency and dark counts of these custom detectors which will be housed in available slots in an existing commercial SNSPD cryostat [50] . These detectors would allow us to detect photons from both ytterbium (369 nm) and barium (493 nm and 650 nm) ions and increase the photon detection probability, given in Eqn. 1, at one node. Recent results have been reported for in-vacua SNSPD integration with an ion trap [66] .
Other factors that affect the photon detection probability shown in Eqn. 1 are the propagation losses in optical fibers at photon wavelengths emitted by trapped ions, T L , and the coupling of a photon into a fiber (current experiments have this in the 20% range [48] ). Substantial propagation loss can be present even in wavelength-specific optical fibers [50] . Efforts are currently underway to also improve propagation losses using quantum frequency conversion [67] [68] and our in-house plan focuses on implementing frequency conversion on barium photons [50, 69, 70] . In this approach, the native wavelength emitted by the ion is frequency down-converted into a regime more amenable for fiber transmission, ideally in the telecom regime. For example, 650 nm photons may be converted in a single-stage into the lower O-band range. Also, one can envisage frequency converting 493 nm Ba+ photons into 780 nm photons for hybrid networking with a neutral atom-based memory whereas, a second stage of conversion could result in 1550 nm telecom photons [50] . Using frequency conversion would give T L ≈ 0.18 dB/km for telecom wavelengths rather than typical T L ≈ 50(15) dB/km for 493 (650 nm), a significant improvement even when using relatively short lengths of optical fiber. The conversion can, in principle, occur with relatively high efficiencies and it has already been shown that a typical converted photon's quantum-coherence is well-preserved [71] . Once photons arrive from a remote node, they can be frequency up-converted for entanglement generation with a locally situated trapped ion node to make a two-node network. In this case, having high quantum detection efficiency for both the telecom and native ion wavelength is important, and in principle this could be achievable with several SNSPD detectors mounted in one cryostat head. The projected numbers shown for quantum efficiencies in Fig. 2 [65] are comparable or better than those shown in Table I with the additional benefit of a projected < 1 Hz dark count. A longer-term vision includes integration of an optical cavity, resonant with both Ba + (serving as a communication ion with a frequency converted emitted photon) and Yb+ (serving as a memory ion utilizing its hyperfine clock-states), with a microfabricated trap for improved photon collection beyond high NA lenses.
III. PRINCIPLES OF RADIO-FREQUENCY (RF) PAUL TRAPS
To create an electric field capable of confining an ion, an rf Paul trap uses a combination of rf and static voltages applied to electrodes near the ion. An idealized hyperbolic electrode structure for a linear trap of this type is shown in Fig. 3 . In this configuration, a quadrupole trapping field is created in the x and y-directions while no trapping field is present along the z-axis. Confinement along the z-axis can be achieved with the addition of two end-cap static voltage electrodes placed at either end of the trap. Although the physical trapping electrodes may vary in their geometry, for example, electrodes fabricated around a fiber tip [13] , or the complex electrode arrays found on surface traps [51] , the confinement we describe here serves as the basic trapping principle for all rf Paul traps.
For infinitely long electrodes or those sufficiently far from the end caps, the rf potential is uniform in the z direction and is given by, can be created by either applying rf voltages to the red electrodes (as depicted) and static voltages to the blue electrodes or by applying the same rf voltages to all four electrodes but with a π-phase shift between the blue and red electrodes. To achieve confinement in the z-direction static voltage end-cap electrodes need to be introduced.
where V (x, y) is the amplitude of the rf potential and Ω T is the applied rf frequency. At time, t, when an ion is placed in this field it is subject to a force towards the center of the trap along one axis but not in the other. Due to the oscillatory nature of the field, a half cycle later this situation is reversed, and the ion undergoes periodic motion in the trap. Near the trap center a perturbative expansion of the electric field gives a non-vanishing time-averaged force on the ion. The pondermotive pseudopotential is then given by [2] ψ(
where e is the charge of an electron and m is the mass of the ion. Given infinitely long electrodes along the z-axis, Eqn. 3 can be shown to be [72] 
where V 0 is the amplitude of the applied rf voltage, η is a geometrical efficiency factor between one and zero [72] and r is the distance from the ion to the nearest electrode. For a perfectly hyperbolic geometry (as shown in Fig. 3 ) η will equal one. The motion of the ion inside this field can be approximated as secular harmonic motion [25] with frequency
The stability region for trapping may be found by looking at the ion's motional dynamics in the potential. An ion trapped in the pseudopotential given by Eqn. 3 can have its motional dynamics described using the Mathieu equations [73] ,
where a x , a y , q x and q y are stability parameters given by
where U is a static voltage offset on the time dependent potential Ψ(x, y, t). Only certain values of a i and q i will provide a stable trapping field. In the region where q i 1 and a i = 0 (i = x, y) the motion of the ion in i-axis is given by
The motion of the trapped ion described in Eqn. 10 possess two main features. There is a high amplitude component at the secular frequency, ω s , and the second is micromotion which is a low amplitude component at the frequency, Ω T , of the time dependent potential, Ψ(x, y, t), applied to the trap electrodes.
Another form of micromotion is caused by the ion's displacement from the rf null. To minimize this micromotion the ion's equilibrium position should be at the rf null. Imperfections in the design of trap electrodes, or charge build up on dielectric surfaces leading to stray fields near the ion, are prime causes of increased micromotion. Such stray electric fields displace the ion's equilibrium position from the rf null. It is important that these effects must be considered when designing and building a trap. If care is not taken to reduce micromotion, undesirable effects may occur such as broadening of atomic linewidths [25, 74] and the reduced stability of trapping multiple ions [75] . For the example of quantum networking with trapped ions, the effects of micromotion can result in photons emitted from ions in separate traps becoming distinguishable putting more stringent bounds on the process of photon mediated entanglement between remote ions [76] . The ability to minimize and control micromotion is of great importance in designing a Paul trap with an ability to trap a long chain of ions for quantum computation or simulation [18, 26] .
A single trapped ion group often has multiple trap topologies in use, where one trap may be more suited for one task than another. Considerable expertise in ultra-high vacuum techniques, optics, rf and microwave electronics is required to establish a functioning ion trap. However, with the rapid growth of research groups pursuing physics with trapped ions, dedicated trap development research efforts are now well-established. These ion-trap foundries leverage expertise both from seasoned trapped ion researchers and material scientists for optimized performance and fabrication [40, [77] [78] [79] [80] [81] . The focus of theses foundries has been on the development of asymmetric microfabricated traps, a selection of which will be described in section V B. Most traps are operated at room temperature, however, the latest technology now includes cryogenic cooled traps which reduce heating rates and background gas collisions resulting in increased ion lifetimes [82] [83] [84] [85] .
The following sections will give a brief introduction to commonly used rf Paul traps and briefly highlight their salient features. There are two main varieties of Paul traps: symmetric and asymmetric. Symmetric Paul traps are geometries in which electrodes are placed in two or more planes symmetrically around the trapping zone. The other geometry type, the asymmetric Paul trap, generally has electrodes situated in one plane. Traps are tailored to meet desired performance benchmarks as defined by individual research aims, including optical access, size, scalability and individual vs multi-ion control. Below we briefly highlight the importance of photon extraction and measurement aimed at quantum networking.
IV. SYMMETRIC PAUL TRAPS
The two most commonly used types of symmetric Paul traps are the rod-type trap and the blade-type trap. In their most simplest of forms, both of these trap types allow the user to trap a single ion while segmentation of static voltage electrodes allows the user to manipulate the position of individual ions in a chain aligned along one axis [86] . These traps often have good optical access and require minimal processing. This is in contrast to early traps which, although allowing ground breaking studies into the behavior of single trapped atoms [87, 88] , have limited optical access compared with current implementations of the Paul trap. An example of one of these early traps is shown in Fig. 4 which was used to carry out precision optical clock experiments using trapped Hg + ions. While providing a suitable trap in which to carry out these challenging experiments the optical access is limited by the placement of the electrodes and so would not lend itself to quantum networking as well as other designs described later in this paper.
FIG. 4:
Diagram of a ring and end-cap trap used at NIST to carry out trapped ion studies, including precision optical clocks, using a single trapped Hg + ion [87, 88] . Here an rf potential is applied to the ring electrode and the endcap electrodes are subject to static voltage potentials.
A. Symmetric rod traps
The four rod trap, as shown in Fig. 5 , is a simple ion trap design. Commonly four rods are used in a two-layer configuration. The electrode configuration shown in Fig. 5 creates a rf null along the whole of the z-axis allowing ions to be trapped in a linear chain. In order to provide confinement along the z-axis end-cap rods (shown in green) are placed at either extremity of the trap. This comes at the expense of reduced optical access in the trap's axial direction (z direction in Fig. 5 ). However, it is possible to incorporate these end-cap electrodes into the existing static voltage electrodes (shown in blue) by segmentation of these electrodes. A different voltage can then be applied to each segment and the outermost segments can act as end-cap electrodes. An example of segmentation in a rod trap design is shown in Fig. 6 .
Typical trap dimensions in the radial (x-y direction) tend to range from 100s of micro-meters to mm resulting in relatively low heating rates [52] and rf voltages in the 100s of volts range. 
B. Symmetric Blade traps
An alternative design to the rod trap is found by replacing the rods with thin blades. These blades can be placed in such a way as to increase the possible collection angle for photons emitted from the ion and allow for a closer separation, as compared to rods, between the electrodes. Significant experimental results have been achieved in these traps ranging from quantum simulation and computation to fundamental clock physics [7, 17, 26, 89] . A trap of this type's optical access, reconfigurability of trapping potentials and ability to trap multiple ions makes it a good candidate for quantum networking. An example of different variations of blade traps with monolithic blades placed symmetrically around the ion are shown in Fig. 7 . This creates a trapping potential only in the radial direction of the geometry. In order to confine the ions along the axis of the trap, end cap static voltage electrodes (shown in green) must be placed at either end of the trap axis. This type of trap is capable of trapping a large chain of ions with radial secular frequencies of up to several MHz, depending on the amount of rf voltage applied. An advantage of the trap shown in Fig. 7(a) is its simplicity and relative ease of construction, as it is robust against small misalignment in the axial direction due to the monolithic nature of the blades. An example of a trap of this type is shown in Fig. 8 and consists of four stainless steel blade electrodes along with molybdenum end-cap electrodes. This trap has the ability to trap long strings of ions, for example a string to 14 calcium ions [90] allowing for quantum gates between ions to be carried out such as c-NOT gates [91] and Toffoli gates [92] as well as the creation of entangled states [93] .
A disadvantage of non-segmented blade type traps, however, is that control over the ion's axial position (z-axis) is only possible by altering the voltage on the two end cap electrodes. Using this voltage on the endcaps allows for improved micromotion compensation or adjusting the inter-ion spacing when trapping a chain of ions. In order for more complex control of the trapping potential, segmentation of the electrodes is required. Segmentation allows for shuttling of ions into different potential zones [42, 95, 96] or engineering potentials resulting in more equidistant ion-spacing. For example, segmentation can allow for combining of ions into one potential ( Fig. 9(a) ) or separation of ions into multiple potentials (Fig. 9(b) ).
The desired ion-control informs the design of the segments and particularly their width (z-direction in Fig. 7(c) ). For separating ions, the segment width must be sufficiently small so that ions spaced a few microns apart can experience the field gradient needed to move its position [97] . An example of segmentation is shown in the trap in Fig. 10 . The blades are made from a hard ceramic (alumina) and fabrication techniques are used to sputter gold onto the blades atop a titanium or chromium adhesion layer. The blades are mounted onto a Macor holder for electric isolation of the segments from each other and the vacuum chamber. Relative tilting of the blades in either the x or y direction can prevent micromotion compensation across a chain, nevertheless, significant results have been achieved with blade traps [7, 17, 89] . Another benefit of segmentation is the ability to gain additional optical access. Namely, potentials placed on the electrodes provides z-axis trapping and allows for increased optical access along the z-direction (as seen by comparing Fig. 7(a) to Fig. 10 ). Such a design no longer needs to make use of the traditional end-cap electrodes as the outer segments act as effective end-cap electrodes.
Examples of segmented blade type Paul traps are shown in Fig. 10 and Fig. 11 where the static voltage blade electrode is segmented into five and three electrodes respectively. This leaves the three inner electrodes in the design shown in Fig. 10 which can be used to modify the axial trapping potential in order to more evenly space ions in a string. It is also possible to create two separate trapping regions as shown in Fig. 9(b) .
A slight variant of the blade trap is depicted in Fig. 7 (c) and consists of three layers of electrodes. The central layer provides the rf voltage and the two outer layers consist of segmented static voltage electrodes. An example of a trap of this type is shown in Fig. 12 . The control of the trapping potential from the segmentation of the static voltage electrodes allows chains of ions to be trapped for studies of quantum simulation of magnetism [17, 99, 100] , phase [53] and Army Research Laboratory [50] . The photograph is taken looking along the y-axis (see Fig. 7(b) ). The trap contains five segmented static voltage electrodes held in place on a Macor holder. The inner three segmented electrodes are 250 µm in width and the gaps between the segments are 50 µm. Both the radio frequency (rf) and static voltage electrodes are constructed from gold coated alumina. Although the upper blade is segmented, unlike the rf blade shown in Fig. 7(b) , these electrodes are electrically shorted to one another out of the field of view of the image and one rf voltage is applied.
transitions [101, 102] and quantum many-body spin systems [89, 103] . This is a versatile trapping configuration and two layer traps of this type have been fabricated out of PCB material [104] and used to perform extremely sensitive optical clock measurements using dual species ion crystals [7] .
For the design shown in Fig. 11 , the segmentation is not sufficient (a minimum of five static voltage electrodes is required) to allow two ion separation but, as traditional end-cap electrodes are not required, it is possible to place magnets at either end of the trap in the axial direction and, therefore, create a strong magnetic field gradient along this axis allowing ground state cooling [106] and quantum gates using long-wavelength radiation [107] . This would not be possible if the blades were un-segmented and traditional end-caps were used (see Fig. 5 ), as the end-cap electrodes block any access along the axial direction of the trap. However, in some cases, it is possible to engineer these end-cap electrodes to allow optical access in the trap's axial direction for the inclusion of optical fibers for the creation of optical cavities [108] . In Table II we summarize salient properties of various blade traps currently in use based on parameters related to those discussed in Section III. TABLE II: Summary of typical operating specifications of the blade traps described in the text. These traps offer a relatively straightforward assembly process while having substantial versatility.
C. Symmetric traps with integrated optical cavities
One method of increasing the photon collection probability is to increase the fraction of the solid-angle that the photon collection optics subtend, as discussed in Section II. As trapped ions emit photons in all directions, increasing the solid angle of collection can necessitate the use of large collection optics. These optics can become bulky and expensive and are not conducive to scalability, although there has been recent work towards increasing the scalability of photon collection optics using microfabircated Fresnel lenses [109] .
A possible solution to the bulky photon collection optics used in current remote entanglement experiments [48] is to place the ion inside an optical cavity resulting in a coupling between the ion and cavity mode [108, 110] . The ion will then preferentially emit photons into the cavity mode and collection can then be carried out along the cavity axis. This method can increase the overall collection efficiency [111] from the ≈ 10% [48] achieved thus far with bulk optics. The optical cavity can increase both T f and Ω in Eqn. 1. However, placing dielectric mirror surfaces close to an ion can result in hard to predict stray electric fields from the mirror surface interacting with the ion. This can make ion-cavity traps extremely difficult to design and operate, as either the mode volume needs to be large or the ion must be rigorously shielded from stray fields [112] .
The trap designs in Fig. 13 , Fig. 14 and Fig. 15 use polished fibers to create an optical cavity centered around the ion. These fibers are polished for the desired curvature (see Fig. 13(a) for an example of a polished fiber tip) and coated with a highly reflective mirror coating. One advantage of using fibers to create a cavity around a trapped ion is they can allow a substantial reduction in the cavity mode volume. However, care must be taken to avoid charging on the fiber's surface as stray fields can perturb the trap potential resulting in increased micromotion or, potentially, an inability to trap. Fig. 13(c) shows a bulk blade trap where the fibers are positioned into/out of the page and between opposite blades to minimize the cavity mode volume. In vacuo translation of the this fiber assembly allows for a range of cavity lengths to be tested, as shown in Table IV . Based on cavity finesse measurements very high ion-cavity couplings can be predicated, although these are yet to be verified experimentally at the time of writing.
The cavities shown in Fig. 14 [113] and Fig. 15 [114] are integrated into needle type traps. These cavities are is designed for optical coupling on the P 1/2 to D 3/2 transition at 935 nm in 171 Yb + and the P 1/2 to D 3/2 transition at 866 nm in 40 Ca + respectively. By creating an ion-cavity coupling to these transitions the ions in question can be made to emit photons at wavelengths much more amenable to networking compared to their more commonly emitted S to P transition UV photons at 369 nm and 397 nm, respectively. These longer wavelength photons, say at 935 nm, may be used for hybrid quantum networking with solid-state quantum memories [115] . Also, the longer wavelength photons also allow for frequency conversion into the telecom band using just one conversion stage, whereas, the UV photons may require two or three stages, substantially reducing the overall efficiency.
To minimize the effect of surface charging on the mirrors the optical fibers in Fig. 14 [113] can be pulled back during ion loading when there is a flux of neutral atoms present. The fibers in Fig. 15 achieve increased shielding, compared to bare fibers, by being physically integrated into the trapping structure itself and recessed inside stainless steel tube electrodes. For residual field compensation, voltages are applied to two of four radially positioned rods as well as the inner end cap electrodes, all of which are shown in Fig. 15 . At the time of writing, this setup has achieved the highest ion-cavity coupling factor of g = 5.3(1) MHz [114] . The optical cavity designs presented here allow cavity lengths, L, in the 100s of µm range and cavity mode waists, ω 0 , of several µm in order to increase the coherent coupling strength, g, between the ion and the cavity which scales as g ∝ ω information and quantum simulation applications to be studied [27, 116] .
Another design for trapping ions inside the mode of a cavity is shown in Fig. 16 . Here, bulk mirrors are used to form an optical cavity along the axial direction of the blade trap. This allows for a chain of ions to be trapped in the cavity's optical mode. A cavity can be aligned with either one ion or a group of ions and when aligned with a group this increases the coupling by a factor of √ N , where N is the number of ions [118] [117] . The traps discussed here that incorporate optical cavities offer one path to extracting photons which are mode-matched well into optical fibers [13] , although desired cavity parameters would vary based on the application [111] . For quantum networking we must balance the need for photon extraction against ion-cavity coupling. The potential increase in photon collection and its known directionality of emission improve the likelihood of long-distance photon transmission for quantum networking when coupled with quantum frequency conversion as mentioned in Sec. II B. Table III shows the salient characteristics  and Table IV summarizes the cavity parameters of the three cavity traps discussed in this section.
V. ASYMMETRIC RF PAUL TRAPS
Asymmetric Paul traps are geometries which contain electrodes placed on one single plane. The resulting trapping potential is located above the surface of the electrodes. Asymmetric ion traps are often built using microfabrication techniques and such traps are a leading technology as a scalable ion trap platform [51] . Scalability will be required in order to build large scale quantum computing, communication and simulation architectures [27] . Asymmetric geometries can also be built using bulk components and some novel bulk asymmetric trap designs will be described in this paper along with a selection of leading microfabricated geometries. From a networking perspective it may be challenging to incorporate both an imaging diagnostic optic and a photon collection optic in some asymmetric trap configurations. However, there has been dedicated work (as discussed below) aimed explicitly at enhanced photon FIG. 15 : An image of the fiber cavity trapped used at Sussex University [117] . The fibers are situated inside stainless steel electrodes and these electrodes, along with two of the four radial electrodes, are used for stray field compensation. Trapping rf voltages are applied to the larger diameter electrodes which are recessed from the end of the fiber.
FIG. 16:
The optical cavity trap as used at Sussex University [117] . This trap uses blade shaped electrodes, as discussed in Section IV B. The cavity is placed along the trapping axis and hence allows for a chain of ions to interact with the optical cavity mode.
collection using bulk and/or microfabricated optics.
A. Non-microfabricated asymmetric Paul traps
Non-microfabricated traps are advantageous in that they can be cost-effective and require less technical fabrication expertise in material processing. This section will outline a few current bulk asymmetric Paul traps. 
where N is the number of ions. Note that the Sussex blade cavity trap [117] has the optical cavity aligned along the trap axis and hence allows for a string of ions to be coupled to the cavity.
a Values are calculated values based on mirror finesse measurements and not experimentally measured values.
Asymmetric traps lend themselves very well to increasing the solid-angle of collection of emitted photons compared to symmetric traps. The trap in Fig. 17 provides an alternative method for increasing the solid-angle of photon collection for quantum networking compared with the bulk optics in symmetric traps and integrated cavities discussed in previous sections. Here, a needle-type trap is designed around a small aluminum concave mirror in such a way that the ion is trapped at the focus of the mirror. The mirror is made from a conductive material to avoid any charge build up from dielectric surfaces near the ion. The light reflected off of the mirror is collimated and can be focused into fibers for long distance propagation. The mirror collects a larger fraction (25%) [119] of light compared with the ≈ 10% collected by ex vacuo high NA lens [48] , and this is desirable for increasing rates of two-photon entanglement protocols (proportional to the square of Eqn. 1 [36] ). However generally, needle-type traps are unable to trap an ion chain so it is not readily possible to perform large-scale local quantum information processing or simulation. Yet, this technology could be adapted into a more linear geometry at the expense of some collection efficiency in order to perform some quantum information processing and simulation locally. With a trap of this type, around 35% of the solid angle of collection can be subtended [119] (although mirror imperfections diminishes the actual collection to ≈ 25%) while avoiding the trap assembly complexities and high-performance mirror requirements of optical-cavity based experiments. A similar trap using a parabolic mirror integrated around a needle type trap has also been demonstrated in which 54.8% of the light emitted from a single ion was collected [120] . Figure 18 shows an asymmetric Paul trap created using a gold wire filled photonic-crystal-fiber cane. The fibers were prefabricated into a microstructured regular array using well-established fiber-pulling techniques. The gold rods were inserted into each fiber and extend 2 mm beyond the fiber. They were then polished down to provide a smooth surface protruding 50 µm from the fiber, as seen in Fig. 18(c) . A trapping potential is formed above the surface of the array, as seen in Fig. 18 (a) , when rf and static voltages are applied to the electrodes in the manner shown in Fig. 18 (b) . Traps with this lattice structure are capable of trapping 2-dimensional planar arrays of ions in a manner which could be suitable for quantum simulations [121] . However, as with any trap made from bulk components, the scalability of such devices has limits and considerable efforts have been made to miniaturize both the trap and attendant electronics (such as resistors and capacitors for rf filtering and phase-shift corrections) using microfabrication techniques [121] [122] [123] . This type of trap could serve as a local computational node with many ions which is an important resource for a quantum network, albeit further development would be needed to couple this 2D system to communication ion(s). Table V A gives a summary of these two traps and their salient characteristics. 
B. Microfabricated asymmetric traps
An advantage of using microfabrication for ion traps is the ability to fabricate small-scale multi-electrode structures, embed the necessary filtering components in the chip, integrate optical elements in close proximity to the trap and allow for improved control over trapping potentials. There has been substantial effort over the last decade in increasing the complexity and scalability of ion trap geometries since the fabrication of the first microfabricated ion trap [125] . For networking, these type of traps can pose a challenge if there is only optical access from one direction as this would inhibit placement of both a low NA lens (for day-to-day operation) and a more alignment sensitive high NA lens (for optimal photon extraction). Although, as we mention below, effort in integrated optics or slotted traps may allay some of these concerns. Scalable ion trap architectures, particularly those aimed at quantum computing, are likely to require many electrodes to control the position of individual ions and also require junctions around which the ions will need to be shuttled [41] . Engineering sequences of applied electrode voltages can serve to move the ion along the trap. This allows for additional dynamical control and allows for better understanding of the extent to which quantum information can be distributed within one node without corrective measures such as sympathetic cooling [80] . The trap geometries in Fig. 19 and Fig. 20 show a Y-and X-junction respectively. Both of these junctions have been optimized to reduce any rf barriers located around the junctions. Shuttling around corners into different regions could be extremely important in future large scale ion trap architectures in order to create storage, interaction and ion-photon read-out zones (see also Fig. 28 ).
FIG. 19:
The optimized Y-junction surface trap used at the Georgia Institute of Technology and manufactured at Sandia [80] . Black numbered electrodes are connected to digital to analogue converters (DACs) for controlling shuttling voltages. Red numbered electrodes are grounded. The inset shows a chain of ions trapped above the surface of the device.
While most ion traps only support rf and dc potentials, there is contemporaneous work in integrating current carrying wires for controlling magnetically sensitive transitions within the ion [127, 128] . Figure 21 shows a trap having segmented electrodes allowing for tailored potentials for ion shuttling but also having integrated current loops for generating magnetic field gradients with a tailorable profile and strength along the axial direction. Optics have also been integrated into microfabricated traps for enhanced photon collection (akin to the bulk trap shown in Fig. 17 ), as shown in Fig. 22 . Here, a micro-mirror with a radius of 50.5 µm and a radius of curvature of 178 µm provides a numerical-aperture of 0.63 NA [129] . With the design of the rf rails as shown in Fig. 22(a) [130] , ion transport across the mirror has been shown, demonstrating compatibility with schemes involving ion shuttling. Additionally, routing light to the ion is important for scalability and individual addressing, and one approach is to use microfabricated optical waveguides [131] which are particularly suited for large-scale quantum information processing and also for quantum networking. Integrated optics, with a microfabircated Fresnel [109] , is one approach that could offer a means for imaging and/or high numerical aperture photon collection.
As microfabricated traps continue to miniaturize ion trap technology the effects of anomalous heating could, potentially, become more important. It is with this in mind that the stylus trap geometry shown in Fig. 23 has been constructed. This trap and surrounding apparatus enables the user to place different types of surfaces and materials into close proximity of the ion to measure the effect of the surface on the heating rate of the trapped ion, as discussed in Section II A. Work of this kind betters the understanding of mechanisms of anomalous heating and allows ion traps to be made smaller and more scalable than presently available.
Two-dimensional traps have also been developed allowing the trapping of ion arrays in a lattice [121, 123] , with one example shown in Fig. 24 . With careful design it is possible for high values of the rf amplitude (455 V) to be applied [123] , resulting in a relatively strong trapping field for microfabricated traps given the quadratic dependence of the pseudo-potential on the applied rf voltage (Eqn. 4). The array contains 29 traps in a triangular lattice configuration, where each ion has six nearest neighbors (discounting the traps on the edge) and separation of 270.5 µm. In this trap, shuttling between sites has been demonstrated, albeit with global control electrodes (the compensation electrodes shown in Fig. 24 (4) ), rather than site-specific electrodes. Such traps have a trapping lattice similar in structure to those used to confine individual neutral atoms, although in the neutral atom case, optical lattices generate the potential wells [134] . This 2D ion version offers a promising path for varied applications from quantum simulation to quantum computing, although it would be challenging to use this for quantum networking because of the limited optical access.
Interest in scalability and robust performance has lead to the development of foundries for ion trap fabrication. Such efforts are dedicated to development and refinement of versatile platforms, designed via interactions between the community and the foundry. The extensive expertise at ion trap foundries in material science have lead to significant FIG. 21: A schematic of the surface trap structure from the University of Siegen [132] . The rf electrode is shown in grey. The static voltage electrodes can be used for ion transport and the looped electrodes for currents to tailor the axial magnetic field gradient. [133] . The 3D nature and overall design of this trap makes it well-suited to study electric-field noise on the ion due to nearby surfaces. engineering advances. A major advantage of microfabricated traps is that they allow for improved scalability as filter capacitors are fabricated on the chip itself rather than placed in-plane. Additionally, delicate wirebond connections are re-situated on the interposer rather than extending directly from the trap, such as in [135] and used in the ball-grid array (BGA) trap shown in Fig. 25 . Such advances are significant for scalability as some modern microfabricated traps have nearly 100 DC control electrodes [126] and the filter capacitors and bond pads can consume a large amount of the chip area. Future work in this area includes integration with in-vacuum electronics such as a DAC for electrode voltage control [136] .
A multi-zone, single slot approach, as shown in Fig. 26 , maximizes optical access with zone-specific shuttling and reconfigurable user-defined potentials. In this trap, there are dedicated regions for loading, ion re-ordering (akin to the Y-junction shown in Fig. 19[80] ), surface-to-slot region, shuttling region and gate/control (slot) region. The slot provides high optical access (HOA) for transverse addressing of the ions and the overall design allows for tight focusing across the surface. Similar provisions as in Fig. 25 are taken in to account for capacitor integration and wirebond placement. The slot width is 60 µm and allowing a beam with a waist of several microns to be focused on an ion. Remarkable results have been achieved with the latest microfabricated traps, with trapping times of days (reducing the amount of time spent reloading the trap) and continuous measurement times of hours (allowing for better averaging statistics, systematic studies of performance) [139] . The slot could potentially allow for placement of both an imaging optic needed for diagnosis/trapping and a high-NA optic for optimal single photon collection. Table  V B shows the salient characteristics of the traps discussed in this section.
VI. OUTLOOK
In recent years, efforts have been made to replicate the results observed in bulk traps on the platform of microfabricated traps. Although bulk traps still serve the community well [26, 38, 140] , microfabrication has opened new possibilities in scalability and control. The field has evolved to include hybrid approaches (such as cryogenic ion traps [82, 83, 141] , SNSPDs [66] and microfabricated quantum interfaces) to meet challenges in studies of fundamental quantum dynamics, precision time-keeping, quantum simulation, quantum networking (see Fig. 27 ) and quantum computation (see Fig. 28 ). Significant engineering challenges have been overcome and many-hour lifetimes [139] , quantum gates [81] and integrated optics [129, 142] have been demonstrated in microfabricated traps. Along-side the progress in fabrication has been a parallel effort in software development for controlling electrodes, sequencing the experiment and data processing (see this Issue's article by E. Mount, et. al [145] ). While individual groups have well-articulated sequencing programs, there are efforts underway to develop a comprehensive, multifunction package that incorporates often-used functionality (see this Issue's article by K. E. Stevens, et. al). Such software can readily integrate complex conditional logic operations, utilizing versatile technology based on fieldprogrammable gate arrays (FPGA). There are now publicly available codes aimed for trapped ion experiments [146, 147] .
The work reported here continues to be built on and promising future directions include, fundamental theoretical studies in multi-ion simulation and quantum dynamics (see this Issue's article by G-D Lin and L. M. Duan [148] ), hybridization (see this Issue's article by J. Wright, et. al. [116] ), further improvements in time keeping [8] , integrated optics [142] (see this Issue's article by D. Kielpinski, et. al. [149] ), scalable ion trap development (see this Issue's article by A. M. Eltony, et. al. [150] ) and more. Although there are significant challenges ahead, the results summarized here demonstrate that many hurdles have already been overcome and substantial progress has already been made. [135] . The ball-grid array (BGA) allows for improved scalability as planar capacitors are fabricated into the trap die and wirebonds are moved to the interposer. The interposer sits atop a commercial ceramic pin-grid array (CPGA) carrier. The interposer has an 11 mm footprint and the trap die has 48 trench, sub-surface, capacitors and 48 DC electrodes. This geometry allows for less obstruction around the trapping region, allowing for tighter focusing for qubit operations.
other competing options may be equal or better than those mentioned here. 19 ) and a slot (60 µm opening and 1.2 mm in length) for high optical access and ion reconfigurability. 
